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density decreases the smoothness of the streamer channel
and makes the feather-like structure more apparant, as can
be seen in Fig. 2, which consists of closeups of Fig. 1. The
protrusions from the main streamer channel, like the one
indicated by the circle in Fig. 2 will be called ‘‘hairs’’.

An estimate of the number of ‘‘hairs’’ in the feathers is
made by drawing two boxes parallel to the streamer channel,
as indicated in Fig. 3, and manually counting the number of
visible hairs in these boxes. Dividing the hair-count by the
length of the boxes yields the number of hairs per unit
of streamer length. It must be noted that due to the two
dimensional nature of the images, any hairs that are in front
of or behind the streamer in the projection of the camera,
will not be visible and will therefore not be counted.
Consequently, the hair-count obtained by this method is a
lower limit for the actual number of hairs.

Using this method, an estimate of about of 1 hair per mm
of streamer length was found in the image plane of streamers
in nitrogen with at most 1 ppm oxygen at 200mbar. We
remark that this is only an order-of-magnitude estimate due
to the strong stochastic nature of the phenomenon and the
diffculty of counting.

3. Hypothesis on the Origin of Feathers

3.1 Hairs formed by avalanches
We hypothesize that the feathers are separate electron
avalanches moving towards the streamer. Free electrons in
front of the positive streamer head drift towards the streamer
due to the enhanced electric field generated by the space

charge layer in the streamer head. Once the electrons enter
the region where the electric field is above the breakdown
value (where the impact ionization rate exceeds the attach-
ment rate), more free electrons are created than there are lost.
This results in an avalanche that drifts towards the streamer
head. This can be seen schematically in Fig. 4. If the ava-
lanche is created directly in front of the streamer head, it will
be overtaken by the propagating streamer and will therefore
not be visible in experiments. Avalanches seen in experi-
ments start away from the path of streamer propagation.

If at the critical electric field, where the impact ionization
and attachment rates are equal, the electron density is low,
one expects that some of these avalanches do not overlap
and can be seen as distinct structures. On the other hand,
if the electron density is already high enough so that the
average distance between free electrons is much smaller
than the dimensions of the streamer, one expects so many
avalanches that they will overlap and can no longer be seen
as separate entitites, but only as a continuum, being part of
the propagating streamer.

3.2 Effect of oxygen density on hair-formation
The source of electrons in front and to the sides of the
streamer head is assumed to be photo-ionization. An excited
nitrogen molecule falls back to a state with lower energy,
emitting a photon with the right energy to ionize an oxygen
molecule. The characteristic ionization length of these
photons scales inversely with the oxygen density and as a
consequence significantly less photons will create ionization
in the area around the streamer. Therefore the density of free
electrons in the region away from the streamer head is
expected to be orders of magnitude higher in air than in
nitrogen with only a very small oxygen admixture. Therefore
we expect avalanches to overlap more easily in air, while in
nitrogen with a 1 ppm oxygen admixture, the avalanches are
more likely to be distinct; we will quantify this expectation
in x4.

As the oxygen density decreases, so does the electron
density outside the streamer channel. As a consequence, the
avalanches that head towards the streamer channel become
more and more rare, making stochastic effects visible, rather
than forming a smooth channel. In experiments we see the
channel being less smooth in the purest nitrogen with
<0:1 ppm of oxygen (Fig. 2, left panel) than in nitrogen
with an oxygen fraction between 10!3 and 10!5 (Fig. 2,
right panel).

Fig. 2. (Color online) Comparison between feather-like structures in
streamers in nitrogen with small oxygen admixtures. These images are
closeups of the area near the needle for discharges under the same
conditions as in Fig. 1. The left panel shows a mixture with an oxygen
fraction of at most 10!7, the right panel shows a less pure nitrogen source
where the oxygen fraction is estimated to be between 10!3 and 10!5.

Fig. 3. (Color online) Zoom to segments of positive streamers in nitrogen
with at most 1 ppm of impurities at 200mbar. The white circle contains an
example of a hair. The rectangular boxes mark the area in which hairs are
counted for the purpose of determining the number of hairs per mm of
streamer length. The picture is from ref. 4.

Fig. 4. Schematic representation of a positive streamer preceded by
ionization avalanches as found in ref. 8 and many other papers and
textbooks. The drawing can be traced back to Raether in 19399) and is
discussed in more detail in ref. 10. We know now that the space charge is
not uniformly distributed in the streamer head, but concentrated in a thin
layer in contrast to the sketch. The number and role of the avalanches is
discussed in this article.
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• air (dry) plasma kinetics!
• gas giant atmosphere

1 F.J. Gordillo-Vázquez, J Phys D Appl Phys 41, 234016 (2008)!
2. C. Bilger, P. Rimmer, and C. Helling, doi:10.1093/mnras/stt1378, (2013)
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PumpKin
(Pathway reduction method for plasma Kinetics)
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Input

• Stoichiometric matrix!

• Concentrations of chemical species in [0,T]!

• Reaction rates in [0,T]!

• Time interval of interest (tinit, tend) in [0,T]!

• Species of interest Si* , if one



Output
All significant pathways

(*)

, with rates!

(*) Pathway is a set of reactions, with a multiplicity assigned to each reaction

If Si* is specified, all pathways
producing Si*  

destroying Si*  



How does PumpKin work? 
read input files

1. Schuster & Schuster, 1993!
2. Lehmann, 2004: J. Atmos. Chem. 47, 45-78.

pathways:= individual pathways!

branching point!
is available!

Yes
1. merge pathways!
2. remove insignificant!
3. split sub-pathways!
 !

No

output



Example

Zero-dimensional kinetics using ZDPlasKin (*):

(*) S. Pancheshnyi et al., www.zdplaskin.laplace.univ-tlse.fr

• N2-O2 mixture 650 reactions and 53 species!
• Fixed electric field 10 kV/cm at STP!
• Final time:  1ms!
• Initial electron density 3.0e10 cm-3   

http://www.zdplaskin.laplace.univ-tlse.fr


Example
NO production

Table 2: Ground neutrals considered.

Ground neutrals

N, N2, O, O2, O3

NO, NO2, NO3

N2O, N2O5

Table 3: Positive ions considered.

Positive ions

N+, N+2 , N+3 , N+4
O+, O+2 , O+4
NO+, N2O+, NO+2 , O+2 N2

where the source term S i is the total rate of i species
production and destruction in various processes. The
adapted version of the kinetic file for N2-O2 mixtures
(dry air) from the ZDPlasKin [8, 14] is used. A com-
plete list of plasma chemical precesses in N2-O2 mix-
tures is taken mainly from [15]. Transport parameters
and constant rates for electron-neutral interactions are
calculated using build-in into the ZDPlasKin BOLSIG+
solver. The list of species and reactions was auto-
matically converted into the system of ordinary differ-
ential equations (1) and solved numerically using the
ZDPlasKin tool. User can visualize the results of ZD-
PlasKin using a software QtPlaskin [16].

4.1. Specie of interest

As a first example we assume background electric
field to be a constant 10 kV/cm at standard temperature
and pressure (STP). We run our chemical model up to 1
ms with ZDPlasKin. The output is stored in the folder
called Input_10, where input parameters specified by
user (by us) are in the file input.txt, which looks like
this:
Will be added here

In this subsection we will modify only the specie of in-
terest.

Table 4: Excited neutrals considered.

Excited neutrals

N2(A3Σ+u , B3Πg, C3Πu, a′1Σ−u )
N(2D, 2P), O(1D, 1S)
O2(a1∆g, b1Σ+g , 4.5 eV)

O2(X3, v = 1 - 4), N2(X1, v = 1 - 8)

Table 5: Electrons and negative ions considered.

Negative ions

e, O−, O−2 , O−3 , O−4
NO−, NO−2 , NO−3 , N−2 O

4.1.1. NO

If we run PumpKin for the specie NO, PumpKin will
output 2 pathways responsible for the production:

e + N2 → e + N + N(2D)

N(2D) + O2 → NO + O

net : N2 + O2 → N + O + NO, (P1)

and

e + 2O2 → O−2 + O2

O−3 + N→ NO + O2 + e

net : O−3 + N→ O−2 + NO + O2. (P2)

The pathway (P1) will produce 52% and pathway (P2)
41% of the total NO-production, with correspond-
ing rates of 3.02542e+13 and 2.38882e+13 [molec.
cm−3s−1]. Alejandro, please, check the units.

The following reaction will be responsible for 72%
NO-destruction

O−3 + NO→ NO−3 + O (R1)

and has the rate of 1.47094e+13 [molec. cm−3s−1].

4.1.2. O−3
If we run PumpKin and choose as the specie of inter-

est O−3 , we obtain the following pathway responsible for
94% of O−3 -destruction

e + 2O2 → O−2 + O2

O−3 + O→ 2O2 + e

net : O−3 + O→ O−2 + O2, (P3)

with a rate 3.09781e+16 [molec. cm−3s−1].
On the other hand, O−3 -production will be dominated by
the following reaction and pathway

O−2 + O3 → O−3 + O2, (R2)

and

O−2 + O→ O− + O2

O− + O2 +M→ O−3 + M

net : O−2 + O + M → O−3 + M, (P4)

where M is any neutral. The pathway (P4) will produce
18% of O−3 , with a rate 1.41091e+16 [molec. cm−3s−1]
and the reaction (R2) will produce 69% of O−3 , with a
rate 5.33761e+16 [molec. cm−3s−1].

4

(rate: 3.025e+13 mol.cm-3s-1)
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On the other hand, O−3 -production will be dominated by
the following reaction and pathway

O−2 + O3 → O−3 + O2, (R2)

and

O−2 + O→ O− + O2

O− + O2 +M→ O−3 + M

net : O−2 + O + M → O−3 + M, (P4)

where M is any neutral. The pathway (P4) will produce
18% of O−3 , with a rate 1.41091e+16 [molec. cm−3s−1]
and the reaction (R2) will produce 69% of O−3 , with a
rate 5.33761e+16 [molec. cm−3s−1].
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Table 2: Ground neutrals considered.

Ground neutrals

N, N2, O, O2, O3

NO, NO2, NO3

N2O, N2O5

Table 3: Positive ions considered.

Positive ions

N+, N+2 , N+3 , N+4
O+, O+2 , O+4
NO+, N2O+, NO+2 , O+2 N2

where the source term S i is the total rate of i species
production and destruction in various processes. The
adapted version of the kinetic file for N2-O2 mixtures
(dry air) from the ZDPlasKin [8, 14] is used. A com-
plete list of plasma chemical precesses in N2-O2 mix-
tures is taken mainly from [15]. Transport parameters
and constant rates for electron-neutral interactions are
calculated using build-in into the ZDPlasKin BOLSIG+
solver. The list of species and reactions was auto-
matically converted into the system of ordinary differ-
ential equations (1) and solved numerically using the
ZDPlasKin tool. User can visualize the results of ZD-
PlasKin using a software QtPlaskin [16].

4.1. Specie of interest

As a first example we assume background electric
field to be a constant 10 kV/cm at standard temperature
and pressure (STP). We run our chemical model up to 1
ms with ZDPlasKin. The output is stored in the folder
called Input_10, where input parameters specified by
user (by us) are in the file input.txt, which looks like
this:
Will be added here

In this subsection we will modify only the specie of in-
terest.

Table 4: Excited neutrals considered.

Excited neutrals

N2(A3Σ+u , B3Πg, C3Πu, a′1Σ−u )
N(2D, 2P), O(1D, 1S)
O2(a1∆g, b1Σ+g , 4.5 eV)

O2(X3, v = 1 - 4), N2(X1, v = 1 - 8)

Table 5: Electrons and negative ions considered.

Negative ions

e, O−, O−2 , O−3 , O−4
NO−, NO−2 , NO−3 , N−2 O

4.1.1. NO

If we run PumpKin for the specie NO, PumpKin will
output 2 pathways responsible for the production:

e + N2 → e + N + N(2D)

N(2D) + O2 → NO + O

net : N2 + O2 → N + O + NO, (P1)

and

e + 2O2 → O−2 + O2

O−3 + N→ NO + O2 + e

net : O−3 + N→ O−2 + NO + O2. (P2)

The pathway (P1) will produce 52% and pathway (P2)
41% of the total NO-production, with correspond-
ing rates of 3.02542e+13 and 2.38882e+13 [molec.
cm−3s−1]. Alejandro, please, check the units.

The following reaction will be responsible for 72%
NO-destruction

O−3 + NO→ NO−3 + O (R1)

and has the rate of 1.47094e+13 [molec. cm−3s−1].

4.1.2. O−3
If we run PumpKin and choose as the specie of inter-

est O−3 , we obtain the following pathway responsible for
94% of O−3 -destruction

e + 2O2 → O−2 + O2

O−3 + O→ 2O2 + e

net : O−3 + O→ O−2 + O2, (P3)

with a rate 3.09781e+16 [molec. cm−3s−1].
On the other hand, O−3 -production will be dominated by
the following reaction and pathway

O−2 + O3 → O−3 + O2, (R2)

and

O−2 + O→ O− + O2

O− + O2 +M→ O−3 + M

net : O−2 + O + M → O−3 + M, (P4)

where M is any neutral. The pathway (P4) will produce
18% of O−3 , with a rate 1.41091e+16 [molec. cm−3s−1]
and the reaction (R2) will produce 69% of O−3 , with a
rate 5.33761e+16 [molec. cm−3s−1].

4

(rate: 3.097e+16 mol.cm-3s-1)

Table 2: Ground neutrals considered.

Ground neutrals

N, N2, O, O2, O3

NO, NO2, NO3

N2O, N2O5

Table 3: Positive ions considered.

Positive ions

N+, N+2 , N+3 , N+4
O+, O+2 , O+4
NO+, N2O+, NO+2 , O+2 N2

where the source term S i is the total rate of i species
production and destruction in various processes. The
adapted version of the kinetic file for N2-O2 mixtures
(dry air) from the ZDPlasKin [8, 14] is used. A com-
plete list of plasma chemical precesses in N2-O2 mix-
tures is taken mainly from [15]. Transport parameters
and constant rates for electron-neutral interactions are
calculated using build-in into the ZDPlasKin BOLSIG+
solver. The list of species and reactions was auto-
matically converted into the system of ordinary differ-
ential equations (1) and solved numerically using the
ZDPlasKin tool. User can visualize the results of ZD-
PlasKin using a software QtPlaskin [16].

4.1. Specie of interest

As a first example we assume background electric
field to be a constant 10 kV/cm at standard temperature
and pressure (STP). We run our chemical model up to 1
ms with ZDPlasKin. The output is stored in the folder
called Input_10, where input parameters specified by
user (by us) are in the file input.txt, which looks like
this:
Will be added here

In this subsection we will modify only the specie of in-
terest.

Table 4: Excited neutrals considered.

Excited neutrals

N2(A3Σ+u , B3Πg, C3Πu, a′1Σ−u )
N(2D, 2P), O(1D, 1S)
O2(a1∆g, b1Σ+g , 4.5 eV)

O2(X3, v = 1 - 4), N2(X1, v = 1 - 8)

Table 5: Electrons and negative ions considered.

Negative ions

e, O−, O−2 , O−3 , O−4
NO−, NO−2 , NO−3 , N−2 O

4.1.1. NO

If we run PumpKin for the specie NO, PumpKin will
output 2 pathways responsible for the production:

e + N2 → e + N + N(2D)

N(2D) + O2 → NO + O

net : N2 + O2 → N + O + NO, (P1)

and

e + 2O2 → O−2 + O2

O−3 + N→ NO + O2 + e

net : O−3 + N→ O−2 + NO + O2. (P2)

The pathway (P1) will produce 52% and pathway (P2)
41% of the total NO-production, with correspond-
ing rates of 3.02542e+13 and 2.38882e+13 [molec.
cm−3s−1]. Alejandro, please, check the units.

The following reaction will be responsible for 72%
NO-destruction

O−3 + NO→ NO−3 + O (R1)

and has the rate of 1.47094e+13 [molec. cm−3s−1].

4.1.2. O−3
If we run PumpKin and choose as the specie of inter-

est O−3 , we obtain the following pathway responsible for
94% of O−3 -destruction

e + 2O2 → O−2 + O2

O−3 + O→ 2O2 + e

net : O−3 + O→ O−2 + O2, (P3)

with a rate 3.09781e+16 [molec. cm−3s−1].
On the other hand, O−3 -production will be dominated by
the following reaction and pathway

O−2 + O3 → O−3 + O2, (R2)

and

O−2 + O→ O− + O2

O− + O2 +M→ O−3 + M

net : O−2 + O + M → O−3 + M, (P4)

where M is any neutral. The pathway (P4) will produce
18% of O−3 , with a rate 1.41091e+16 [molec. cm−3s−1]
and the reaction (R2) will produce 69% of O−3 , with a
rate 5.33761e+16 [molec. cm−3s−1].

4
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How to get PumpKin? 

Available soon at:  www.pumpkin-tool.org

http://www.pumpkin-tool.org


Thank you!


